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XVLQJ HOHFWURVWDWLF VHQVRU DUUD\V DQG D UDQGRP IRUHVW 5) EDVHG HQVHPEOH OHDUQLQJ



















RWKHU HOHPHQWV 7KH\ DUH ZLGHO\ XVHG IRU HQYLURQPHQW IULHQGO\ HQHUJ\ SURGXFWLRQ
WKURXJKGLIIHUHQWFRQYHUVLRQSURFHVVHVVXFKDVELRPDVVFRILULQJZLWKFRDO>@DQG
ELRPDVV JDVLILFDWLRQ >@ 7KH LQKHUHQW PRLVWXUH FRQWHQW LQ ELRPDVV GHFUHDVHV LWV
KHDWLQJYDOXHDQGLWQHHGVWREHGULHGEHIRUHLWLVXVHGIRUHQHUJ\SURGXFWLRQ>@'U\LQJ
LV DQ HQHUJ\ LQWHQVLYH SURFHVV DQG D VLJQLILFDQW DPRXQW RI HQHUJ\ LV FRQVXPHG IRU
GU\LQJ RI ELRPDVV 9DULRXV GU\HUV DUH XVHG IRU GU\LQJ RI ELRPDVV $PRQJ WKHP









)%'V LQFOXGLQJDFRXVWLFHPLVVLRQ >@ HOHFWULFDOFDSDFLWDQFH WRPRJUDSK\ (&7 >
@PLFURZDYHUHVRQDQFH>@DQGWULERHOHFWULFSUREHV>@$JKEDVKORHWDOSUHVHQWHG
DUHYLHZRQWKHWHFKQLTXHVWRPRQLWRUDQGFRQWUROWKHIOXLGL]DWLRQTXDOLW\LQWKH)%'V
>@ 7KH IHDWXUHV RI HDFK WHFKQLTXH IRU PRLVWXUH FRQWHQW DQG IORZ EHKDYLRU
PHDVXUHPHQWZHUHH[SODLQHG+RZHYHUFRQVLGHULQJ WKH LQGXVWULDO DSSOLFDWLRQ VRPH
OLPLWDWLRQVDUHSUHVHQWLQHDFKPHWKRG)RUH[DPSOHWKHVLJQDOVIURPDFRXVWLFHPLVVLRQ
VHQVRUVDUHSURQHWREHSROOXWHGE\WKHQRLVH(&7DQGPLFURZDYHUHVRQDQFHPHWKRGV
QHHG VRSKLVWLFDWHG LQVWUXPHQWV DQG WULERHOHWULF SUREHV DUH LQWUXVLYH WR WKH GU\LQJ
SURFHVV$VD UHVXOW QHZPHWKRGV DUH UHTXLUHG IRU UHOLDEOHRSHUDWLRQVRI WKHGU\LQJ









GHYHORSHG GDWDGULYHQ PRGHOV XVLQJ WKH FRDO SURSHUWLHV DQG JDVLILFDWLRQ SURFHVV
SDUDPHWHUV WR SUHGLFW WKH IORZ UDWH DQG KHDWLQJ YDOXH RI WKH SURGXFW JDV >@
&RQVLGHULQJWKHFRPSOLFDWHGKHDWDQGPDVVWUDQVIHULQWKHGU\LQJSURFHVVLWLVGLIILFXOW
WR EXLOG WKHRUHWLFDO PRGHOV ZKLOH VRIW FRPSXWLQJ PHWKRGV VXFK DV DUWLILFLDO QHXUDO
QHWZRUNV$11VDQGVXSSRUWYHFWRUPDFKLQHV690VSURYLGHVROXWLRQVWRWKHDERYH
SUREOHPV >@7RSX]XVHG WKH$11PHWKRG WR SUHGLFW WKHGU\LQJFKDUDFWHULVWLFVRI
DJULFXOWXUDOSURGXFWVVXFKDVKD]HOQXWEHDQDQGFKLFNSHD7KHUHVXOWVVKRZHGIDLUO\
JRRGDJUHHPHQWEHWZHHQ WKHSUHGLFWHGUHVXOWVE\$11DQG WKHPHDVXUHGGDWD WDNHQ
XQGHU WKH VDPH FRQGLWLRQV >@ $GDSWLYHQHWZRUNEDVHG IX]]\ LQIHUHQFH V\VWHP
$1),6ZDVDSSOLHGWRSUHGLFWWKHFRDOPRLVWXUHFRQWHQWGXULQJWKHGU\LQJSURFHVV











FKDUDFWHULVWLFVRI VROLGSDUWLFOHVGHSHQGRQPDQ\ IDFWRUV VXFKDVSDUWLFOHSURSHUWLHV
VL]HZRUNIXQFWLRQDQGPRLVWXUHFRQWHQWHQYLURQPHQWDOSDUDPHWHUVWHPSHUDWXUHDQG
KXPLGLW\DQGIORZK\GURG\QDPLFVJDVYHORFLW\DQGVROLGVFRQFHQWUDWLRQ>@7KH






XVLQJ HOHFWURVWDWLF VHQVRUV ZHUH LQYHVWLJDWHG >@ ,Q DGGLWLRQ HOHFWURVWDWLF VHQVRU
DUUD\VKDYHEHHQDSSOLHGWRPHDVXUHWKHPRLVWXUHFRQWHQWRIVROLGSDUWLFOHVLQD)%'
>@ +RZHYHU LW LV GLIILFXOW WR WKHRUHWLFDOO\ EXLOG D PRGHO EHWZHHQ WKH FKDUJLQJ
FKDUDFWHULVWLFV DQG WKH PRLVWXUH FRQWHQW$SDUW IURP PRLVWXUH FRQWHQW WKH FKDUJLQJ
FKDUDFWHULVWLFV RI VROLG SDUWLFOHV GHSHQG VLJQLILFDQWO\ RQ SDUWLFOH YHORFLW\ DQG WKH
PHDVXUHPHQW DFFXUDF\ RI PRLVWXUH FRQWHQW LV GLIIHUHQW XQGHU GLIIHUHQW SDUWLFOH
YHORFLWLHV'XHWRWKHDGYDQWDJHVRIORZFRVWKLJKVHQVLWLYLW\DQGUREXVWSHUIRUPDQFH
HOHFWURVWDWLF VHQVRU DUUD\V DUH DGRSWHG LQ WKLV VWXG\ WRPRQLWRU WKH)%' SURFHVV ,Q
DGGLWLRQ D VRIW FRPSXWLQJ PRGHO LV VHOHFWHG WR RYHUFRPH WKH OLPLWDWLRQV RI WKH
WKHRUHWLFDO DQG HPSLULFDO PRGHOV (QVHPEOH OHDUQLQJ PHWKRG FDQ RYHUFRPH WKH
LQVWDELOLW\ LVVXHV LQ WKH LQGLYLGXDO PRGHOV DQG JHQHUDOO\ KDV EHWWHU SUHGLFWLRQ
SHUIRUPDQFH$V D UHVXOW HOHFWURVWDWLF VHQVRU DUUD\V DUH FRPELQHG ZLWK D 5DQGRP
)RUHVW5)EDVHGHQVHPEOHOHDUQLQJPHWKRGWRSUHGLFWWKHPRLVWXUHFRQWHQWRIELRPDVV
7KHVWHSVUHJDUGLQJWRWKHPRGHOWUDLQLQJDQGK\SHUSDUDPHWHURSWLPL]DWLRQDUHJLYHQ
LQ GHWDLO DQG WKH RQOLQH SUHGLFWLRQ UHVXOWV RI WKH 5) PRGHO DUH FRPSDUHG ZLWK WKH
PRLVWXUHFRQWHQWRIVDPSOHGSDUWLFOHVLQRUGHUWRYHULI\WKHDFFXUDF\RIWKHSUHGLFWLRQ
PHWKRG   
 
0HWKRGRORJ\ 





SURFHVV6HFRQGO\ WKHIHDWXUHVRI WKHHOHFWURVWDWLFVLJQDOV LQ WKH WLPHDQGIUHTXHQF\




















E\ D VLJQDO FRQGLWLRQLQJ XQLW WR REWDLQ WKH HOHFWURVWDWLF VLJQDOV >@ +H HW DO >@
SURSRVHG DQ HPSLULFDO UHODWLRQVKLS EHWZHHQ WKH LQGXFHG HOHFWURVWDWLF FXUUHQW WKH
SDUWLFOHFKDUJHWRPDVVUDWLRDQGWKHEXEEOHULVHYHORFLW\ 





































%UHLPDQ >@ ,W LV D FRPELQDWLRQ RI PDQ\ GHFLVLRQ WUHHV WKDW DUH FUHDWHG XVLQJ WKH
ERRWVWUDSSLQJWHFKQLTXHIURPWUDLQLQJVDPSOHVDQGDUDQGRPVXEVHWRIWKHIHDWXUHVLV
JLYHQWRWKHWUHHDWHDFKQRGHLQRUGHUWROLPLWWKHFKRLFHVWKDWWKHGHFLVLRQWUHHFDQ
PDNH 7KH SUHGLFWLRQ RI WKH UDQGRP IRUHVW LV REWDLQHG E\ WKH PDMRULW\ YRWH IRU
FODVVLILFDWLRQRUWKHPHDQUHVSRQVHIRUUHJUHVVLRQRYHUWKHSUHGLFWLRQVRIWKHLQGLYLGXDO
WUHHV7KHVWUXFWXUHRIWKH5)DOJRULWKPLVJLYHQLQ)LJ7KHEDVLFPHWKRGRORJ\IRU
JHQHUDWLQJ 5) FDQ EH GHVFULEHG DV IROORZV IRU HDFK RI WKH 1 WUHHV ILUVWO\ D QHZ
ERRWVWUDSVDPSOHRIWKHWUDLQLQJVHWLVFUHDWHGDQGWKLVERRWVWUDSVDPSOHLVXVHGWRWUDLQ
DGHFLVLRQWUHH7KHQDWHDFKQRGHRIWKHGHFLVLRQWUHHDVHWRIIHDWXUHV LVUDQGRPO\
VHOHFWHGDQG WKH LQIRUPDWLRQJDLQ RU*LQL LPSXULW\ LVFRPSXWHGRQO\RQ WKDWVHWRI
IHDWXUHVLQRUGHUWRVHOHFWWKHRSWLPDORQH$WODVWWKHDERYHVWHSVDUHUHSHDWHGXQWLOWKH
WUHHLVFRPSOHWH$VVKRZQLQ)LJWKHILQDOSUHGLFWLRQRIWKHPRGHOLVREWDLQHGE\
DYHUDJLQJ WKH UHVSRQVH IURP DOO WKH WUHHV ,W LV SURYHG WKDW WKH 5) PRGHO KDV KLJK
SUHGLFWLRQDFFXUDF\ IHDWXUHVDKLJK WROHUDQFH IRURXWOLHUVDQGQRLVHGDWDDQG LVQRW
SURQHWRRYHUILWWLQJ>@'XHWRWKHDERYHDGYDQWDJHVWKH5)PRGHOKDVEHHQZLGHO\
DSSOLHGLQQRQOLQHDUUHJUHVVLRQSUREOHPVVXFKDVHVWLPDWLRQRIFRDOSURSHUWLHV>@
VRODU UDGLDWLRQ SUHGLFWLRQ >@ DQG FRDO VSRQWDQHRXV FRPEXVWLRQ SUHGLFWLRQ >@
0RLVWXUHFRQWHQWRIELRPDVVH[KLELWVQRQOLQHDUYDULDWLRQVGXULQJWKHGU\LQJSURFHVVDQG
LW LV DOVRDIIHFWHGE\YDULRXVRSHUDWLRQDODQGHQYLURQPHQWDOSDUDPHWHUV$VD UHVXOW
UDQGRP IRUHVW EDVHG HQVHPEOH OHDUQLQJ PHWKRG LV DGRSWHG WR GHYHORS UHOLDEOH VRIW
FRPSXWLQJPRGHOV  
Tree 1 Tree 2 Tree N
Training set
Prediction: average 
response of all 
predictors 













DQG XVHV REMHFWLYH IXQFWLRQ HYDOXDWLRQV WR WUDLQ WKH PRGHO 2QH LQQRYDWLRQ LQ %2
PHWKRGLVWKHXVHRIDQDFTXLVLWLRQIXQFWLRQZKLFKLVXVHGWRGHWHUPLQHWKHQH[WSRLQW
WR HYDOXDWH7KH DFTXLVLWLRQ IXQFWLRQ FDQ EDODQFH VDPSOLQJ DW SRLQWV WKDW KDYH ORZ
PRGHOHGREMHFWLYHIXQFWLRQVDQGH[SORUHDUHDVWKDWKDYHQRW\HWEHHQPRGHOHGZHOO
7KHIORZFKDUWRIWKH%2DOJRULWKPLVJLYHQLQ)LJ7KH*DXVVLDQPRGHOLVLWHUDWLYHO\













Evaluate yi = f(xi) at
random point x i
Find the new point  
that maximizes the 
acquisition function











7DEOH  7KH RXWOHW WHPSHUDWXUH DQG KXPLGLW\ DUH REWDLQHG E\ DYHUDJLQJ WKH DLU
WHPSHUDWXUH DQG UHODWLYH KXPLGLW\ UHDGLQJV IURP WKH VHQVRU 7KH VL[ WLPHGRPDLQ
IHDWXUHVRIWKHHOHFWURVWDWLFVLJQDOVDUHWKHDYHUDJHIURPWKHHOHFWURGHVLQWKHVHQVRU
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  ¦                        
ZKHUH IL LV WKH MWK GLVFUHWH IUHTXHQF\ SL LV WKH SRZHU GHQVLW\ RI WKH MWK IUHTXHQF\
FRPSRQHQWDQG-LVWKHQXPEHURIGLVFUHWHIUHTXHQFLHV)LVWKHDYHUDJHIOXFWXDWLRQRI
WKHVLJQDOGLLVWKHSUREDELOLW\GHQVLW\IXQFWLRQ(DQG6)DUHWKHHQWURS\DQGVKDSH






,' $EEUHYLDWLRQ 9DULDEOHQDPH 6RXUFH 
[ 7 2XWOHWWHPSHUDWXUH 7HPSHUDWXUHDQGKXPLGLW\VHQVRU 
[ 5+ 2XWOHWKXPLGLW\ 7HPSHUDWXUHDQGKXPLGLW\VHQVRU 
[ '& '&FRPSRQHQW (OHFWURVWDWLFVHQVRUDUUD\V 
[ $& $&FRPSRQHQW (OHFWURVWDWLFVHQVRUDUUD\V 
[ 180 1XPEHURI]HURFURVVLQJSRLQWV (OHFWURVWDWLFVHQVRUDUUD\V 
[ 67' 6WDQGDUGGHYLDWLRQ (OHFWURVWDWLFVHQVRUDUUD\V 
[ 6.( 6NHZQHVV (OHFWURVWDWLFVHQVRUDUUD\V 
[ .85 .XUWRVLV (OHFWURVWDWLFVHQVRUDUUD\V 
[ $) $YHUDJHIOXFWXDWLRQIUHTXHQF\ (OHFWURVWDWLFVHQVRUDUUD\V 
[ (1 (QWURS\RIWKHSRZHUVSHFWUDO  (OHFWURVWDWLFVHQVRUDUUD\V 
[ 6) 6KDSHIDFWRURIWKHSRZHUVSHFWUDO  (OHFWURVWDWLFVHQVRUDUUD\V 






ZLOO LQFUHDVH ,Q5)PHWKRGVHOHFWLRQRI WKH LQSXWYDULDEOHFDQEHDFFRPSOLVKHGE\
FDOFXODWLQJWKHYDULDEOHLPSRUWDQFH,WLVPHDVXUHGXVLQJGDWDSHUPXWDWLRQWRHYDOXDWH
WKHLPSDFWRIHDFKYDULDEOHRQWKHRYHUDOOSUHGLFWLRQSHUIRUPDQFHRIWKHPRGHO7KH
GHFUHDVH RI SUHGLFWLRQ DFFXUDF\ UHVXOWLQJ IURP UDQGRPO\ SHUPXWLQJ WKH YDOXHV RI D
YDULDEOH LV FRQVLGHUHGDV WKHYDULDEOH LPSRUWDQFH7KHKLJKHU WKHGURS LQSUHGLFWLRQ

















D GHVLUDEOH PRLVWXUH FRQWHQW DQG QHDUO\  NJ RI ZHW SDUWLFOHV ZHUH XVHG LQ WKH
H[SHULPHQWVZKLFKIRUPHGDVWDWLFEHGKHLJKWRIPP6LQFHWKHGLVWDQFHEHWZHHQ




SRUW  PP DERYH WKH VHQVRU DUUD\V HYHU\  PLQXWHV DIWHU WKH VWDUW RI GU\LQJ
0HDQZKLOHWKHVLJQDOVIURPWKHWHPSHUDWXUHDQGKXPLGLW\VHQVRUDQGWKHHOHFWURVWDWLF
VHQVRU DUUD\VZHUH UHFRUGHG VLPXOWDQHRXVO\ IRU  VHFRQGVXVLQJD GDWD DFTXLVLWLRQ
GHYLFH0RGHO86%1DWLRQDO,QVWUXPHQWV7KHPRLVWXUHFRQWHQWRIWKHVDPSOHG
SDUWLFOHVZDVPHDVXUHGXVLQJD+DORJHQ0RLVWXUH$QDO\]HU0RGHO+(0(77/(5





























IORZG\QDPLFV LQ WKH)%' WKHHOHFWURVWDWLF FKDUDFWHULVWLFVRI WKH VROLGSDUWLFOHV DUH
LQIOXHQFHGQRWRQO\E\WKHPRLVWXUHFRQWHQWEXWDOVRE\WKHVROLGVYHORFLW\>@$VD
UHVXOWWKHFRUUHODWLRQYHORFLW\IURPWKHVHQVRUDUUD\VZKLFKUHSUHVHQWVWKHVROLGVIORZ
EHKDYLRULQWKH)%'LVDOVRVHOHFWHGWREHWKHLQSXWRIWKHVRIWFRPSXWLQJPRGHO   
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Time (s)  




























































WKH QXPEHU RI WUHHV QXP75 WKH PLQLPXP QXPEHU RI REVHUYDWLRQV SHU WUHH OHDI





WR XQGHUILW ,Q DGGLWLRQ QXP376 LV DQRWKHU SDUDPHWHU WR EH GHWHUPLQHG LQ RUGHU WR
LPSURYH WKH SUHGLFWLRQ SHUIRUPDQFH RI WKH 5) PRGHO ,Q WKH K\SHUSDUDPHWHU
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 























































































,QRUGHU WRYHULI\ WKHSHUIRUPDQFHRI WKHSURSRVHG5)%2PRGHOFRPSDULVRQZLWK
RWKHU PDFKLQH OHDUQLQJ PRGHOV DUH FRQGXFWHG 7KH DOJRULWKPV RI GHFLVLRQ WUHH
UHJUHVVLRQ'75VXSSRUWYHFWRUUHJUHVVLRQ695DQG5)ZLWKGHIDXOWYDOXHV5)
'()DUHVHOHFWHG'75EXLOGVRQHUHJUHVVLRQWUHHDQGWKLVPRGHOLVVHOHFWHGWRVKRZ

























0RGHO '95 695 5)'() 5)%2 
506(     
0$(     
7UDLQLQJWLPHV ͖ ͖   







PK DQG  R& UHVSHFWLYHO\ ZKLFK ZDV RXW RI WKH UDQJH RI WKH WUDLQLQJ GDWD7KH
























































Time (min)  
D2QOLQHSUHGLFWLRQUHVXOWV 

























,Q WKLV SDSHU RQOLQH SUHGLFWLRQ RI ELRPDVV PRLVWXUH FRQWHQW LQ D )%' KDV EHHQ
FRQGXFWHGXVLQJHOHFWURVWDWLFVHQVRUDUUD\VDQGD5)%2EDVHGVRIWFRPSXWLQJPRGHO
7KHIROORZLQJSRLQWVFDQEHFRQFOXGHG 
(1) 7KH IHDWXUHV RI WKH HOHFWURVWDWLF VLJQDOV LQ WKH WLPH DQG IUHTXHQF\ GRPDLQV
FRUUHODWLRQYHORFLW\DQGRXWOHWWHPSHUDWXUHDQGKXPLGLW\DUHVHOHFWHGDVWKHLQSXWV











UHODWLYH HUURU EHWZHHQ RQOLQH SUHGLFWHG DQG UHIHUHQFH YDOXHV LV OHVV WKDQ 


































>@ 5LPSLODLQHQ 9 +HLNNLQHQ /0 9DXKNRQHQ 0 0RLVWXUH GLVWULEXWLRQ DQG
K\GURG\QDPLFV RI ZHW JUDQXOHV GXULQJ IOXLGL]HGEHG GU\LQJ FKDUDFWHUL]HG ZLWK
YROXPHWULFHOHFWULFDOFDSDFLWDQFHWRPRJUDSK\&KHP(QJ6FL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